Introduction
Nitride-based high-reflectivity distributed Bragg reflectors (DBRs) in the ultraviolet region are essential for the development of GaN-based devices, such as vertical-cavity light-emitting diodes [1] and vertical-cavity surface-emitting lasers [2] . Especially, the wavelength around 360 nm is important for devices containing pure GaN as an active medium. This kind of structure is mostly employed as the nitride-based microcavity structures, which is an approach to study the physics of microcavity polariton [3] . In general, ultraviolet nitride-based DBRs are commonly grown by AlInN/AlGaN or AlGaN/AlGaN material system. Crack-free lattice-matched ultraviolet AlInN/AlGaN DBRs have been demonstrated by Feltin et al. [4] . Nevertheless, the growth of high-quality AlInN film is difficult due to the composition inhomogeneity and phase separation in AlInN, which results from large mismatch of covalent bond length and growth temperature between InN and AlN [5] . High-reflectivity ultraviolet AlGaN/AlGaN DBRs are also reported by Mitrofanov et al. using molecular-beam epitaxy (MBE) [6] . In this study, we report the growth over 2 inch c-sapphire substrates of high-reflectivity AlN/AlGaN DBRs designed for the ultraviolet spectral region around 360 nm. Theoretical calculation based on transfer matrix method was performed to compare and analyze the difference of measured and simulated reflectivity spectrum.
Experiments, Results, and Discussion
The DBRs were grown on (0001) sapphire substrates by low-pressure metalorganic chemical vapor deposition (MOCVD). After thermal cleaning of the substrate in hydrogen ambient for 5 min at 1100 °C, a 30-nm thick GaN nucleation layer was grown at 500 °C. The growth temperature was raised up to 1020 °C for the growth of 2.8 μm GaN bulk layer. Then the AlN/AlGaN DBRs were grown under the fixed chamber pressure of 100 Torr similar to the previous reported growth conditions [7] . Two DBR samples with different numbers of periods were prepared. nm, respectively. The average bilayer thicknesses of DBR I and DBR II are estimated to be 87.6 and 84.4 nm, respectively. Fig. 2 shows the measured (solid line) and simulated (dashed line) reflectivity spectra of (a) DBR I and (b) DBR II. The reflectivity spectra are measured by the n & k ultraviolet-visible spectrometer with normal incidence at room temperature. In Fig. 2(a) , the peak reflectivity at 367 nm is about 90% and the stop-band width is 24 nm. No evidence of cracks is observed in DBR I by using optical microscopy. Theoretical simulation based on transfer matrix theory is performed using above layer thicknesses and refractive index values from Ref. [8, 9] . The characteristics of simulated reflectivity spectrum of DBR I including peak reflectivity, stop-band width, and the phase of the long wavelength oscillations are in good agreement with the measured spectrum. The mismatch of the measured and calculated reflectivity spectrum in the short wavelength interference fringes is due to absorption in the Al 0.23 Ga 0.77 N layers. In Fig. 2(b) , the measured peak reflectivity at 358 nm is about 97% and the stop-band width is 16 nm. The calculated peak reflectivity and stop-band width are larger than the measured results of DBR II. Partial cracks are observed in DBR II from optical microscopy, which results from the release of the strain energy due to the large number of DBR pairs. Therefore, this difference between measured and calculated reflectivity spectra may come from crack-induced dislocations in the sample and the structural imperfections such as interface roughness between each epitaxial layer. In order to observe the crystal quality and estimate the alloy compositons simultaneously, the room-temperature (RT) photoluminescence (PL) spectra of these two DBR samples are measured and plotted in Fig. 3 . The excitation source is a 266 nm radiation from a frequency tripled Ti:sapphire laser. The emission peak from Al 0.23 Ga 0.77 N layer of DBR I is about 323 nm. It is notable that the PL spectrum of DBR II is obviously broader than that of DBR I. The broader PL spectrum mainly originates from the generation of cracks, which results in additional defect emission due to the degradation of crystal quality. Furthermore, since the smooth surface morphology is required to obtain high reflectivity, the atomic force microscopy images of DBR I and DBR II are observed and shown in Figs. 4(a) and 4(b) , respectively. It is found that the roughness of 34-pair DBR (rms = 1.7 nm) is larger than that of 20-pair DBR (rms = 1.3 nm) within the 3×3 μm 2 area. This larger surface roughness of DBR II will lead to higher optical scattering loss as compared with DBR I.
Conclusions
In summary, we have reported that the ultraviolet DBRs consist of AlN/Al 0.23 Ga 0.77 N multilayers grown by MOCVD system. The reflectivity and stop-band width of 20-pair AlN/Al 0.23 Ga 0.77 N DBR are 90% and 24 nm, respectively. The simulated reflectivity spectrum is in good agreement with measured result. When the number of DBR pairs increases from 20 to 34 pairs, partial cracks are observed from optical microscopy due to the release of the strain energy. Despite the crystal quality problem, the peak reflectivity of 34-pair AlN/Al 0.23 Ga 0.77 N DBR can still achieve 97% at 358 nm and the stop-band width is 16 nm. 
